The magnetic anisotropy induced in amorphous magnetic ribbons by applying a magnetic field to the melt during the solidification process is analyzed. Using a model based on the magnetization curve and on the evolution of the uniaxial torque with the applied magnetic field, the volume fractions of the sample affected by the different magnetic anisotropies are obtained for the ribbons of composition Fe 80 B 20 and Co 70 Mn 5 Fe 1 Mo 1 Si 14 B 9 . The results are compared with those obtained in the ribbons of the same composition but with anisotropies induced by the static magnetic annealing. From these results, the different sources of the field-quenching-induced magnetic anisotropy in those amorphous magnetic ribbons are analyzed.
I. INTRODUCTION
Magnetic anisotropy is one of the most important parameters in classifying magnetic materials for different technical applications. In the case of the amorphous magnetic ribbons, different sources during the manufacturing process give rise to the magnetic anisotropy in and out of the plane of the ribbons. [1] [2] [3] In some applications of these materials, it is necessary to remove these anisotropies, but there are other applications in which it is necessary to induce the magnetic anisotropies in different directions. One particular case of great importance for the applications of amorphous magnetic ribbons in the magnetostrictive transducers 4 is the induction of the magnetic anisotropy transverse to the ribbon length. Traditionally, the induction of the magnetic anisotropy in amorphous ribbons has been performed by the magnetic-field annealing, [5] [6] [7] but recently, the authors have induced a transverse magnetic anisotropy in the amorphous magnetic ribbons by applying a magnetic field during the solidification of the melt. 8 This method has a great advantage that maintains the good mechanical properties of these materials in the asquenched state.
The study of the magnetic anisotropy sources is important because the control of the magnetic anisotropy will allow us to tailor the amorphous materials to meet the specific technical requirements.
In this work, we present a study of the anisotropy induced by the field-quenching technique developed by the authors in the high Curie temperature and Fe 80 B 20 and Co 70 Mn 5 Fe 1 Mo 1 Si 14 B 9 amorphous ribbons. The evolution of the uniaxial torque and of the magnetization with the applied magnetic field allow us to discriminate the different sources of the induced anisotropy using a model developed by Tejedor et al.
9

II. EXPERIMENTAL PROCEDURE
The ribbons used in this work, of compositions Fe 80 B 20 and Co 70 Mn 5 Fe 1 Mo 1 Si 14 B 9 , both with high Curie temperatures of 647 and 623 K, respectively, were made by the quenching technique in our laboratory. One set of ribbons of each composition was made by applying a magnetic field of 0.07 T, transverse to the ribbon during the solidification of the melt on the rotating wheel, and another set was made without the applied magnetic field. The device used to apply the magnetic field has been described elsewhere. 8 Ribbons of 5-mm width and 25-m thickness were obtained in this way. The amorphicity of the ribbons and the ductility were tested by x-ray diffraction and by creasing test, respectively.
The magnetic-field annealing of the samples made without an applied magnetic field was performed at 520 K in a furnace with an inert Ar atmosphere and with an applied magnetic field of 0.009 T.
The magnetization curves were measured using a vibrating sample magnetometer model DMS-1660 from the Digital Measurements Systems. The torque measurements were performed by means of a high-sensitivity torque magnetometer developed in our laboratory. 10 In order to avoid shape effects, nearly perfect circular samples were cut out from the ribbons using a method developed in our laboratory. 11 We cut the discs from different parts of the same ribbon and from different ribbons made under the same conditions to be sure that the results were reproducible. The samples were 4 mm in diameter, which is less than the width of the as-prepared ribbon to avoid the effect of the edges. The magnetization was measured on the same disc samples used for the torque measurements.
III. RESULTS AND DISCUSSION
The magnetization curves for all the samples saturated in low fields when measured both in the easy and hard direc- tions. Figure 1 shows the evolution of magnetization with the applied magnetic field 0 H for Co 70 Mn 5 Fe 1 Mo 1 Si 14 B 9 solidified in an applied magnetic field. The other samples had the same behavior. The area enclosed by the two magnetization curves at these low-applied magnetic fields was estimated as 227 Jm The behavior of these curves can be summarized as follows:
(1) For the Fe 80 B 20 made without the applied magnetic field, K u increases slowly and it reaches its maximum value of 375 Jm −3 at 0.9 T. For the ribbons of the same composition made with the applied magnetic field, K u increases rapidly at low fields. At about 0.05 T, the curve bends forming a knee, then increases slowly and practically saturates at 0.5 T. At this magnetic field, the torque per unit volume is 750 Jm The fact that the higher fields were required to saturate the anisotropy torque than to saturate the magnetization was remarked by Tasarov 12 and Kouvel and Graham 13 for the silicon-iron single-crystal discs. These latter authors observed that the effective value of KЈ, deduced from the torque peaks, depended on the applied magnetic field H as
where K is the real value of the anisotropy constant. They observed that the constant C decreases when the thicknessto-diameter ratio of the disk specimen decreases. This result was attributed to a lack of saturation at the edges of the discs. In our case, the field dependence of KЈ does not follow the relation (1) and, in addition, there is no appreciable change of the field dependence of the anisotropy constant when the thickness-to-diameter ratio varies.
The area enclosed by the two magnetization curves for Co 70 by the magnetization curves at low fields could be related to the contribution to the anisotropy due to the zones in the sample exhibiting low anisotropy fields.
To analyze the in-plane magnetic anisotropy in the amorphous ribbons obtained by the torque magnetometry, we have applied a method developed by Tejedor et al. 9 to the mentioned results. In this method, it is assumed that the sample is formed by an indefinite number of regions that occupy different volume fractions and exhibit different magnetic anisotropies. We suppose that these regions are the small defects (microholes, crystalline precipitates, composition fluctuations, overstrained zones, etc.) in the amorphous matrix frozen-in during the quenching process. These defects can exhibit a large magnetic anisotropy along any direction, but mainly along the ribbon axis due to the manufacturing process (oriented internal strains, deformed prolated microholes, etc.). These regions occupy a very small volume fraction, and the interaction between them can be ignored. In each region, the uniaxial torque amplitude varies linearly with the applied field. The uniaxial torque per unit volume T i of the ith region increases linearly until the anisotropy field H i is reached. Then, the uniaxial torque amplitude T i reaches a maximum value K i , which is the magnetic anisotropy constant of the ith region. The contribution of the ith region to the anisotropy constant of the whole sample is
and the volume fraction occupied by the ith region is
where b i is the slope of the uniaxial torque amplitude between the experimental points corresponding to the applied magnetic fields H i−1 and H i , b i+1 is the slope corresponding to the applied magnetic fields between H i and H i+1 , and M s is the saturation magnetization of the material. The magnetostatic effect due to the surface roughness was not studied because the samples were prepared in a vacuum and they do not present appreciable surface roughness.
The results of the model applied to the experimental torque data of ) contribute more than the low anisotropies to the total anisotropy. On the other hand, in the case of the samples made with the applied magnetic field, the lowest anisotropies (below 2.5ϫ 10 4 Jm −3 in both materials) have the highest contribution to the total anisotropy.
From the two tables, we can observe a great difference between the anisotropy distribution of the samples made with and without the applied magnetic field in both the materials.
For the Fe 80 B 20 samples made without the applied magnetic field, the anisotropies up to 2.5ϫ 10 4 Jm −3 occupy only 0.4% of the volume, meanwhile, in those samples made with the applied magnetic field, these anisotropies occupy 9% of the volume. This change is more dramatic in Co 70 Mn 5 Fe 1 Mo 1 Si 14 B 9 in which these anisotropies occupy 0.3% of the volume in the samples made without the applied magnetic field and 15% in those made with the applied magnetic field.
The mentioned results show that in the samples made with the applied magnetic field, the low anisotropies occupy a large volume and have a large contribution to the total anisotropy. Some regions present very high values of anisotropy constants ͑Ͼ10 5 Jm −3 ͒. These regions are the zones with abrupt changes from the average characteristics of the amorphous phase that can remain unsaturated up to high magnetic fields. In our case with a demagnetizing factor of about 0.01 and with a saturation magnetization M s between 4.5ϫ 10 5 and 8 ϫ 10 5 Am −1 , the shape anisotropy for these amorphous ribbons would be about 10 5 Jm −3 . These demagnetizing factors can originate from elongated microholes, precipitates, and overstrained zones.
To compare the previously mentioned induced anisotropies with those induced by the static field annealing, we have performed a thermal treatment for 2 h with an applied magnetic field of 0.009 T, transverse to the longitudinal direction of the ribbon to the samples of both compositions made without the applied magnetic field. The torque curves for the two materials also show the twofold shape that corresponds to a uniaxial magnetic anisotropy. The easy axis is in the transverse direction of the ribbon (the direction of the ap- 14 in the present work, we have chosen the scales of both magnitudes, such that their saturation values coincide. As can be seen, the behavior of these curves can be summarized as follows: We have applied the method indicated earlier to analyze the in-plane magnetic anisotropy induced by the static field annealing, and the results are shown in Tables III and IV. Looking at these tables, we can mention the following characteristics: (a) The regions with a higher anisotropy in general occupy a smaller volume of fractions and (b) the lowest anisotropies have the highest contribution to the total anisotropy due to their larger volume fraction. Tables III and IV indicates that the volume of fractions that correspond to the anisotropies up to 2.5 ϫ 10 5 Jm −3 is three times greater than in the case of the as-quenched samples made without the applied magnetic field.
If we compare the results obtained for the samples made with an applied magnetic field with those obtained for the static magnetic-annealed samples, it can be pointed out that, apart from the fact that the induced transverse magnetic anisotropies are greater in the samples made with the applied magnetic field, the dependence of T u on the applied magnetic field are very similar, in both kinds of samples, the lowest anisotropy regions have the highest contribution to the total anisotropy.
Finally, the samples made with the applied magnetic field were submitted to a thermal treatment, above the Curie temperature. After the thermal treatment, the anisotropy constant for Fe 80 B 20 fell to 247 Jm −3 and the easy axes is now at 9°from the transverse direction. For Co 70 Si 14 B 9 Mn 5 Fe 1 Mo 1 , the anisotropy was reduced from 740 to 310 Jm −3 with the easy axis at 40°from the transverse direction of the ribbon.
Taking into account the similarities between the results in the static magnetic annealing and those on the samples made with an applied magnetic field, it looks like that the mechanism of the inducing magnetic anisotropy by applying a magnetic field during the solidification process in the amorphous ribbons is the same as the one that produces magnetic anisotropy by the static magnetic annealing.
In conclusion, we have analyzed the magnetic anisotropy induced in the amorphous magnetic ribbons by applying a magnetic field during the solidification of the melt in the quenching process. The different sources of this induced inplane magnetic anisotropy have been discriminated using a model based on the study of the evolution of the magnetization and the uniaxial torque with the applied magnetic field.
